Abstract. Mucin 1 (MUC1) is an oncogene that has a crucial role in the pathogenesis and progression of the majority of epithelial malignant tumors. Our previous study demonstrated that MUC1 gene silencing inhibited the growth of SMMC-7721 cells in vitro and in vivo, however, whether this growth inhibition is associated with apoptotic cell death remains to be elucidated. In the present study, it was found that MUC1 gene silencing not only resulted in the inhibition of SMMC-7721 cell growth, determined using a clone formation assay in vitro and a tumor xenograft mouse model with an in vivo imaging system, but also induced apoptotic alterations in SMMC-7721 cells, determined using Hoechst 33342 staining, flow cytometry with an Annexin V-PE staining and a DNA ladder assay. Further investigation using western blotting revealed that cytochrome c was released from the mitochondria into the cytoplasm, and caspase-8 and caspase-9 were activated in MUC1 gene-silenced SMMC-7721 cells. The pro-apoptotic protein Bcl-2-associated X protein (Bax) and the tumor suppressor p53 were increased, while the anti-apoptotic protein B-cell lymphoma 2 was decreased in MUC1 gene-silenced cells. In addition, results from the co-immunoprecipitation experiments demonstrated that the MUC1 cytoplasmic tail can bind directly to Bax or caspase-8 and these interactions were reduced upon MUC1 gene silencing in SMMC-7721 cells. The above results indicate that MUC1 gene silencing induces growth inhibition in SMMC-7721 cells through Bax-mediated mitochondrial and caspase-8-mediated death receptor apoptotic pathways.
Introduction
Mucin 1 (MUC1) is a highly glycosylated transmembrane protein expressed on the apical surface of epithelial cells and is aberrantly overexpressed in the majority of malignant epithelial tumors, including breast, lung, ovarian, prostate and pancreatic cancer and several types of malignant hematological tumor (1) . Previous studies have demonstrated that MUC1 is an oncoprotein that is involved in the regulation of carcinogenesis, tumor progression, invasion and metastasis of cancer (2) . MUC1 consists of a large extracellular N-terminal subunit containing a variable number of tandem repeats region and a C-terminal subunit that resides on the cell surface as a heterodimeric complex via a strong noncovalent interaction. The C-terminal subunit is composed of a 58 amino acid extracellular domain, a 28 amino acid transmembrane domain and a 72 amino acid cytoplasmic tail (CT) (3) . MUC1-CT is involved in numerous signaling pathways, including Wnt/β-catenin (4), c-Src (5), Grb2/Sos (6), glycogen synthase kinase 3 β (4), epidermal growth factor receptor (7, 8) and nuclear factor-κB (9, 10) , which regulate the processes of cell survival and proliferation. By contrast, MUC1 interacts directly with several signaling molecules, including p53 (11, 12) , HSP70/90 (13, 14) and caspase-8 (15) to regulate cell apoptosis.
Hepatocellular carcinoma (HCC) is one of the most common types of malignant tumor that severely threatens human health and quality of life. The occurrence of HCC is associated directly or indirectly with the abnormal expression of multiple genes, including B lymphoma Moloney murine leukemia virus insertion region 1 homolog (BMI1) (16) , glypican-3 (17) , heat shock protein 70 (18) and Sal-like protein 4 (19) . Previous studies have demonstrated that MUC1 is also expressed in HCC cells and tissues (20) (21) (22) , however, the mechanisms underlying the function MUC1 in the development of HCC remain to be elucidated. In order to determine the oncogenic role of MUC1 in HCC, MUC1 was knocked down in SMMC-7721 cells, using small interfering RNA (siRNA), to examine the effects and mechanisms of MUC1 gene silencing in HCC cells. Our previous study found that MUC1 gene silencing altered the phenotypic characteristics of the human hepatic cellular carcinoma cell line SMMC-7721 (23 The aim of the present study was to determine whether growth inhibition of MUC1 gene-silenced SMMC-7721 cells is associated with their apoptotic cell death. Furthermore, the aim was to elucidate the mechanisms and pathways of this apoptosis, which could provide a novel therapeutic target for the pathogenesis and gene therapy of HCC.
Materials and methods
Cell culture. The human HCC cell line, SMMC-7721, was purchased from the Cell Bank of the Shanghai Institute of Cell Biology, Chinese Academy of Sciences (Shanghai, China). The cells were cultured in Iscove's modified Dulbecco's medium (Invitrogen Life Technologies, Carlsbad, CA, USA) supplemented with heat-inactivated 10% fetal bovine serum (Invitrogen Life Technologies), 100 U/ml penicillin and 100 µg/ml streptomycin (Invitrogen Life Technologies), and maintained at 37˚C and 5% CO 2 . MR1-C6 and MR1-D4, two stably transfected SMMC-7721 cell clones, were established using MUC1 gene specific siRNAs, as previously described (9) . A clone stably transfected with a scramble siRNA was used as a negative control (NC). These transfected cells were maintained in the presence of 600 µg/ml G418.
Plate clone formation assay. Approximately 2,000 cells were plated per well in a 6-well plate and each group was analyzed in triplicate. Following incubation at 37˚C and 5% CO 2 for 3 weeks, the cells were gently washed twice in phosphate-buffered saline (PBS) and fixed in methanol for 15 min. Subsequently, the cell clones were stained with Giemsa staining solution for 30 min, followed by air drying. The visualized cell clones were observed and images were captured using a microscope (IX71; Olympus Corporation, Toyko, Japan).
Tumor xenograft mouse model and in vivo imaging. For the tumor xenograft mouse model construction, 15 BALB/c nude mice (4-6 weeks old; 18-20 g) were purchased from Beijing HFK Bioscience Co., Ltd. (Beijing, China). Animals were maintained in specific pathogen-free conditions and an environment with controlled conditions of light and humidity, and free access to water and a standard laboratory diet. Animal experiments were performed in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals (Bethesda, MD, USA). The present study was approved by the ethics committee of the Scientific Investigation Board of Science and Technology of Jilin Province (Changchun, China). Mice were randomly divided into four groups (five animals per group), including the SMMC-7721 group, the NC group, the MR1-D4 group and the MR1-D9 group. Cells (2x10 6 ) were subcutaneously injected into the right flank of each mouse. For real-time near-infrared (NIR) imaging, the mice were anesthetized and imaged on day 21 post-injection, and in vivo NIR images were obtained using a Xenogen IVIS Spectrum system (PerkinElmer, Inc., Waltham, MA, USA) using Living Image software version 3.0 (Caliper Life Sciences, Alameda, CA, USA). All image analysis and NIR fluorescent signal quantification was performed using the region of interest (ROI) function of Living Image software (Caliper Life Sciences).
Hoechst 33342 staining. Cells at logarithmic growth stage were cultured in a 96-well plate for 48 h and stained with Hoechst 33342 dye (Sigma-Aldrich, St. Louis, MO, USA) at a final concentration of 0.1 µg/ml at 37˚C for 15 min in the dark. Cells were observed with an inverted fluorescence microscope (IX71; Olympus Coproration).
Annexin V-PE staining and flow cytometry. Following culturing the cells for 48 h, cells were digested with 0.25% trypsin (EDTA free) and washed twice with PBS. Cells (5x10 5 ) were centrifuged (300 x g for 5 min) and the cell pellets were stained with Annexin V-PE fluorescence labeling solution (Annexin V-PE apoptosis assay kits purchased from Nanjing KeyGen Biotech. Co., Ltd., Nanjing, China). Following incubation in the dark for 5-15 min, flow cytometric analysis was performed on a FACS Calibur Flow cytometer (BD Biosciences, San Jose, CA, USA). Data acquisition and analysis were performed using CellQuest version 4.0 software (BD Biosciences).
DNA ladder assay. Cells were cultured for 48 h, 5x10
6 cells were harvested and the DNA was extracted using an Apoptotic DNA Ladder Extraction kit (Beyotime Institute of Biotechnology, Haimen, China) according to the manufacturer's instructions. Electrophoresis of the DNA was performed in a 1% agarose gel.
Reverse transcription quantitative polymerase chain reaction (RT-qPCR) analysis. Total RNA was extracted using TRIzol reagent (Invitrogen Life Technologies) and reverse-transcribed into cDNA (Takara Bio, Inc., Shiga, Japan), according to the manufacturer's instructions. RT-qPCR was performed using FastStart Universal SYBR-Green Master (Rox; Roche Life Science, Indianapolis, IN, USA) in an Applied Biosystems 7300 system (Applied Biosystems, Foster City, CA, USA). All the primers that were used for RT-qPCR analysis were synthesized by Sangon Biotech (Shanghai) Co., Ltd. (Shanghai, China). The primers used were as follows: MUC1, forward 5'-TGC CGC CGA AAG AAC TACG-3' and reverse 5'-TGG GGT ACT CGC TCA TAG GAT-3'; p53, forward 5'-TTG CAA TAG GTG TGC GTC AGA-3' and reverse 5'-AGT GCA GGC CAA CTT GTT CAG-3'; B-cell lymphoma 2 (Bcl-2), forward 5'-TCA GGG ACG GGG TGA ACT-3' and reverse 5'-CAG GTG CCG GTT CAG GTA CTC-3'; Bcl-2-associated X protein (Bax), forward 5'-CGC CGT GGA CAC AGA CTC-3' and reverse 5'-CCT CCC TTC AAC ACT TCC T-3'; β-actin, forward 5'-AGT TGC GTT ACA CCC TTTC-3' and reverse 5'-CCT TCA CCG TTC CAG TTT-3'. The PCR assays were performed in triplicate on a step-one RT-qPCR system. Cycle threshold (Ct) values were normalized to β-actin. The relative level of the mRNAs was calculated by 2 -Δct (Δct=ct target mRNA -ct β-actin ).
Western blotting. Western blotting was performed as previously described (24 
Co-immunoprecipitation.
Cell lysates were first pre-cleaned with protein G agarose beads (Promega, Madison, WI, USA) for 3 h at 4˚C and, subsequently, equal quantities of sample lysates were incubated with either 1.0 µg of mouse IgG or anti-MUC1-CT antibody (hamster anti MUC1-CT monoclonal antibody; Neomarkers Inc., Fremont, CA, USA) for 16 h at 4˚C, followed by precipitation with protein G agarose beads. The precipitated proteins from the cell lysates or the whole cell lysates were subjected to immunoblot analysis with anti-Bax and anti-caspase-8 antibodies.
Statistical analysis. The data are presented as the mean ± standard deviation from three independent experiments. Statistical analysis was performed using SPSS 11.0 (SPSS, Inc., Chicago, IL, USA). The differences between groups were compared using Student's t-test. P<0.05 was considered to indicate a statistically significant difference. 
A B C D Results

MUC1 gene silencing inhibits the growth of SMMC-7721 cells in vitro and in vivo.
In our previous study, the expression of MUC1 was knocked down in the human HCC cell line SMMC-7721 by RNA interference. Two independent MUC1-knockdown clones were established, designated MR1-C6 and MR1-D4, and one negative control clone, which was designated NC, was established, as previously described (23) . The effects of MUC1 gene silencing were validated by RT-qPCR and western blotting, and the results demonstrated that the expression of MUC1 in MR1-C6 and MR1-D4 cells was significantly reduced, compared with SMMC-7721 or NC cells (P<0.01; Fig. 1A and B) . Subsequently, a clone formation assay was conducted to confirm that MUC1 gene silencing could inhibit the growth of SMMC-7721 cells in vitro. The results demonstrated that the clones in the MR1-C6 and MR1-D4 groups were significantly fewer in number and smaller in size, compared with those in the SMMC-7721 or NC groups (Fig. 1C) . Furthermore, SMMC-7721 cells were implanted into BALB/c nude mice to investigate the inhibitory effects of MUC1 gene silencing on the growth of SMMC-7721 cells in vivo. By utilizing an in vivo imaging system, it was observed that the tumors in the MR1-D4 group were absent, compared with the NC group (Fig. 1D) . Taken together, these results indicate that MUC1 gene silencing significantly inhibits the growth of SMMC-7721 cells in vitro and in vivo.
MUC1 gene silencing induces phenotypic alterations of apoptosis in SMMC-7721 cells.
Subsequently, whether the growth inhibition of MUC1 gene-silenced SMMC-7721 cells was associated with their apoptotic death was determined. Using Hoechst 33342 staining, it was demonstrated that significantly more cells were undergoing characteristic apoptotic alterations, including nuclear condensation, nuclear fragmentation and darker dye staining in the MR1-C6 and MR1-D4 groups, however, these changes were not observed in the NC group ( Fig. 2A) . Annexin V is a calcium-dependent phospholipid binding protein and can bind to the plasma membrane in the early stages of apoptosis. It is one of a number of sensitive methods used to detect early apoptosis. Flow cytometric analysis demonstrated that the percentage of apoptotic cells in the MUC1 gene-silenced group (MR1-C6, 6.13%; MR1-D4, 5.29%) was markedly higher than that observed in the control group (SMMC-7721, 2.42%; NC, 1.5%; Fig. 2B ). DNA fragmentation is a characteristic alteration observed during the late stage of apoptosis and can be detected using a DNA ladder assay. DNA Ladder extraction kits were used to extract the genomic DNA of SMMC-7721, NC, MR1-C6 and MR1-D4 cells. The DNA ladder was observed on 1% agarose (Fig. 2C) . Furthermore, in order to confirm that MUC1 gene silencing induced apoptosis of SMMC-7721 cells, the expression and activation of caspase-3, and its substrate PARP, were detected by western blotting. The results demonstrated that the cleaved products of caspase-3 and PARP were expressed in the MR1-C6 and MR1-D4 cells, but not in the SMMC-7721 or NC cells ( Fig. 2D and E) . The morphological and biochemical alterations observed in these cells indicate that MUC1 gene silencing can induce apoptosis of SMMC-7721 cells.
MUC1 gene silencing induces apoptosis of SMMC-7721 cells through mitochondrial and death receptor apoptotic pathways.
Proteins were extracted from the mitochondria and cytoplasm to determine whether cytochrome c was released in MUC1 gene-silenced SMMC-7721 cells, and the results demonstrated that cytochrome c was only released from the mitochondria into the cytoplasm in the MR1-C6 and MR1-D4 groups ( Fig. 3A and B) . In addition, the results demonstrated that caspase-9, an initiator caspase, which is associated with the mitochondrial death pathway, was activated in the MR1-C6 and MR1-D4 cells (Fig. 3C) . The results from western blotting demonstrated that pro-caspase-8 and cleaved caspase-8 increased in the MR1-C6 and MR1-D4 groups, compared with the control groups (Fig. 3D) . The above results indicate that MUC1 gene silencing induces apoptosis in SMMC-7721 cells through the mitochondrial and death receptor apoptotic pathways.
To further analyze the molecular mechanisms of apoptosis in SMMC-7721, as induced by MUC1 gene silencing, the expression of the pro-apoptotic protein Bax, the anti-apoptotic protein Bcl-2 and the tumor suppressor p53 was measured at the transcriptional and translational levels. RT-qPCR demonstrated that Bax and p53 significantly increased (P<0.05), while Bcl-2 significantly decreased (P<0.01) in the MR1-C6 and MR1-D4 groups, compared with the NC group (Fig. 4A-C) . Western blotting revealed similar results to RT-qPCR (Fig. 4D) . These results suggest that MUC1 gene silencing can regulate the expression and activation of proteins associated with the mitochondrial and death receptor apoptotic pathways.
MUC1 gene silencing decreases MUC1-CT binding to Bax and caspase-8.
To further investigate the mechanisms of SMMC-7721 cell apoptosis induced by MUC1 knockdown (15), co-immunoprecipitation experiments were conducted to determine the interaction between MUC1-CT and Bax or caspase-8 in SMMC-7721 cells. The results demonstrated that MUC1-CT can bind directly to Bax or caspase-8 and the interaction was reduced markedly in the MUC1 gene-silenced group (Fig. 4E) . Taken together, these results suggest that MUC1 gene silencing can reduce the interaction of MUC1-CT with Bax or caspase-8, therefore resulting in activation of the mitochondrial and death receptor apoptotic pathways. 
A B C D Discussion
Our previous study found that the knockdown of MUC1 in SMMC-7721 cells can significantly inhibit cell proliferation and induce cell cycle arrest (23) . In the present study, a clone formation assay in vitro and a tumor xenograft mouse model with an in vivo imaging system were utilized and the growth inhibitory effects of MUC1 silencing in SMMC-7721 cells were further confirmed. Since MUC1 is an oncoprotein, it is not only involved in the regulation of carcinogenesis and tumor progression, invasion and metastasis (2), but it is also important in the inhibition of cell apoptosis (25) (26) (27) . Consequently, the present study examined in depth whether the growth inhibition of MUC1 gene-silenced cells is associated with apoptotic cell death. Hoechst 33342 staining, flow cytometry with Annexin V-PE staining and a DNA Ladder assay were performed, and all results consistently demonstrated that MUC1 gene silencing induces cells to undergo apoptosis. These results are similar to results from a previous study, in which a MUC1-downregulated gastric carcinoma cell line was found to be more apoptotic compared with the controls (28).
Since caspase activation has a key role in the process of apoptosis, caspase-3, in particular, is activated during early apoptosis. Once activated, caspase-3 can increase its substrate, PARP, which is an indicator of apoptosis. The expression of caspase-3 and PARP was detected by western blotting and the results demonstrated that cleaved caspase-3 and PARP were present, suggesting that caspase-3 was activated in MUC1 gene-silenced cells. Taken together, these results indicate that MUC1 gene silencing can not only inhibit the growth of SMMC-7721 cells but can also induce apoptosis of these cells.
Generally, cell apoptosis involves two major signaling pathways, including the mitochondrial apoptotic pathway and the death receptor apoptotic pathway (29) . The intrinsic mitochondria apoptotic pathway is often characterized by the release of cytochrome c from the mitochondrial intermembrane space into the cytoplasm and activation of caspase-9. Bcl-2 is a major anti-apoptotic protein and Bax is a pro-apoptotic protein. These two proteins have been identified as major regulators in the mitochondrial apoptotic pathway. The tumor suppressor p53 can directly activate Bax and downregulate Bcl-2, in the absence of other proteins, to permeabilize mitochondria and engage the apoptotic program (30, 31) . In the present study, it was demonstrated that MUC1 gene silencing in SMMC-7721 cells could induce apoptosis, and further experiments revealed that MUC1 gene silencing induced cytochrome c release from the mitochondria to the cytoplasm and that caspase-9 was also activated. In parallel, the expression of Bax and p53 were also significantly increased, while the expression of Bcl-2 was markedly reduced, as compared with the control group, suggesting that the intrinsic mitochondrial apoptotic pathway was activated in MUC1 gene-silenced cell lines. It is well established that caspase-8, an initiator caspase, is required to activate the membrane bound receptor-mediated extrinsic apoptotic signaling pathway. To investigate whether the receptor-mediated apoptotic pathway is simultaneously activated with the mitochondrial apoptotic pathway when cell apoptosis occurs, the expression of caspase-8 was examined. The results demonstrated that caspase-8 was activated in MUC1 gene-silenced cell lines, suggesting that the receptor apoptotic pathway is also involved in MUC1 gene silencing-induced cell apoptosis. Ahmad et al reported that MUC1-CT could bind 
A B C D E
directly to Bax or caspase-8 in HCT116 cells and in breast cancer MCF7 cells to prevent Bax from localizing to the mitochondria (32) or inhibit the FAS-associated death domain protein from recruiting caspase-8 (15), thus suppressing the activation of proteins that are associated with the mitochondrial or receptor apoptotic pathways. In the present study, co-immunoprecipitation was also conducted to determine whether MUC1-CT could bind to Bax or caspase-8 directly.
The results were positive and consistent with previous results, demonstrating that MUC1 gene silencing may reduce the interaction of MUC1-CT with Bax or caspase-8, and thus lead to activation of the mitochondrial or death receptor apoptotic pathway, ultimately resulting in SMMC-7721 cell apoptosis.
In conclusion, the present study demonstrated that MUC1 gene silencing induces the growth inhibition of SMMC-7721 cells via the mitochondrial and death receptor apoptotic pathways, and combined with our previous results, further suggests that MUC1 is important in the progression of HCC development, and thus MUC1 is a potential target for liver cancer therapy.
